Introduction
[2] Desert regions in East Asia are widely considered to be the major sources for Asian dust according to presentday observations and rain-dust records in Chinese historical documents [Merrill et al., 1994 [Merrill et al., , 1989 Prospero, 1981; Zhang, 1984] . On the basis of 1994 observations, the most important sources for Asian soil dust have been identified as (1) the Western High-Dust Desert and (2) the Northern High-Dust Desert, with Taklimakan Desert and Badain Juran Desert in China as their centers, respectively [Zhang et al., 1998 ]. Recently there has been increasing interest in connections among Asian dust, marine biogeochemical cycles, and climate [Intergovernmental Panel on Climate Change (IPCC), 2001]. Researchers [Sokolik et al., 2001] have indicated that there is a gap between optical measurements and measurements of fundamental dust properties such as composition, particle size distribution, and transport patterns. Remote sensing (e.g., Total Ozone Mapping Spectrometer (TOMS) and advance very high resolution radiometer (AVHRR)) requires detailed chemical and physical properties of dust aerosols in order to correctly retrieve the aerosol optical depth in addition to their spatial and temporal distributions. These properties are complicated further by the fact that the dust aerosol may interact with or form stratified layers with anthropogenic aerosols such as sul-phate and organics. A detailed characterization of Asian aerosols requires the combination of observational data and mathematical models in order to take these complicated processes into consideration and to establish the spatial and temporal distribution of physical and chemical properties.
With such an approach it may be possible to correctly address the impact of soil dust on climate and air quality problems.
[3] Understanding the chemical and physical properties of dust aerosol in the source regions is the key component to narrowing this gap. The lack of data from source regions with which to verify soil dust simulations has hindered the progress of modeling activities on soil dust impacts. Measurements of dust aerosols with respect to their time series, spatial distribution, and physical/chemical characterization are required for more accurate estimates of source strength, optical calculations, and model validations. Observations enhance not only our understanding of particle character, but also the temporal (synoptic to interannual) variability of windblown mineral dust over the most important Asian dust depositional areas [Andreae, 1995; Overpeck et al., 1996; Tegen et al., 1996] .
[4] As part of an international campaign to understand Asian aerosols and their impact on climate, the Asia Pacific Regional Aerosol Characterization Experiment (ACE-Asia) was carried out off the coasts of China, Japan, and Korea and within China during spring 2001. Coordinated with the intensive field campaign period of ACE-Asia, China Dust Storm Research (ChinaDSR) observational network stations were operated to measure the aerosols across China at desert source regions and downwind reception sites.
[5] Here we present the daily aerosol observations from six sites in hyperarid, semiarid, urban, rural, and coastal areas of China, and particulate matter <10 mm in diameter (PM-10) burden at four Chinese cities during spring 2001. The specific objectives of the studies reported here were to (1) evaluate the chemical composition of bulk aerosol samples and estimate the Asian dust fractions; (2) investigate temporal variations in aerosol particles, Asian dust aerosol, and dust-derived elements, during dust storm events; (3) evaluate the composition of Asian dust collected at the two most important sources; (4) identify the transport pathways of dust; and (5) determine surface dust size distribution in the desert regions for source strength estimation. These observations will be used to initialize and validate a simulation model in a companion paper [Gong et al., 2003] in which the transport and distribution of Asian soil dust within China and downwind as far afield as the mid-Pacific and North America are examined.
Sampling Network and Analysis Methods
[6] Since February 2001, a network of ground-based aerosol sampling stations for the China Dust Storm Research (ChinaDSR) has been established ( Figure 1 ) in hyperarid, semiarid, urban, rural, and coastal areas of China. Some sites, like Zhenbeitai (ZBT), Yulin and Dunhang (DH), Qingdao, and Beijing, are also among the sites of the ACE-Asia Ground Station Network. Observations of physical and chemical characteristics and time series of soil dust aerosol were made at selected sites (denoted by solid squares in Figure 1 ). The detailed descriptions of each site and the sampling methods are summarized in Table 1 .
[7] Two sampling methods are used in the network observations: a continuous RP-2025 air sampler and a bulk aerosol sampler. The RP-2025 air sampler (R&P Co., Inc., Albany, New York) has an automatic filter-changing system with a capacity of up to 16 filters (Teflo membrane filter, Cole-Parmer Instrument Company, Vernon Hills, Illinois) associated with an active volumetric flow-control system. The sampler can also record 16 days of interval data (the 5-min averages of the filter temperature, ambient temperature, ambient pressure, ambient relative humidity (RH), wind speed, wind direction, and average flow rate) (Table 1) .
[8] The bulk aerosol samples were taken by filter holder with a pump of Andersen cascade impactor (Andersen AN200) on a Teflo membrane filter for Aksu and Dunhuang, by a single stage aerosol sampler KB-120 (Laoshan Institute for Electronic Equipment, Qingdao, China) on a Whatman 41 filter (Whatman International Limited, Maidstone, England) for Lanzhou, and by a high-volume air sampler (Sibata HV1000F) with PTFE-filter (Advance, PTFE50) for Shapuotou. Table 1 lists the flow rates and other sampling conditions for each of the instruments. Cross calibration of all the bulk instruments has been done, and consistency among the bulk samplers was checked regularly. All bulk sample filters were gravimetrically weighted to obtain the aerosol mass concentrations. Each filter was stored in a petri dish and placed into a silica gel desiccator for 24 hours to equilibrate to the temperature and relative humidity held at constant values between 20°C and 23°C (±2°C) and 20 -30% (±2%), respectively. Gravimetric weighting was then made on a Mettler Balance Model 3 (Mettler Toledo Instruments Co., Ltd., Switzerland) with 1 mg resolution. Within the balance room a small silica gel container was placed, and the temperature and RH were held as the same condition to that of the silica gel desiccator. This weighing procedure was repeated three times for the same filter separated by a 24 equilibration. A mean net mass for each filter was obtained by averaging the three duplicated data. The difference among the three repeated weightings was allowed less than 10 mg for a valid blank filter and less than 30 mg for an aerosol filter sample.
[9] The bulk samples from Aksu, DH, ZBT, and CW were also analyzed directly using a proton induced X-ray emission (PIXE) method to obtain the elemental concentrations. The PIXE analyses were performed using the 2.5 MeV protons with a 50 nA beam current produced by 2 Â 1.7 MV tandem accelerator at Beijing Normal University (for details, see Zhang et al. [1993] ). Through these procedures, concentrations of 20 elements were established: Al, As, Br, Ca, Cl, Cr, Cu, Fe, K, Mg, Mn, Ni, P, Pb, S, Se, Si, Ti, V, and Zn. The data were corrected for backgrounds from blank filters.
[10] The PM-10 loads at Yinchuan (106°11
, and Beijing (39°34 0 N, 116°10 0 E) for 1 March to 31 May, 2001, were deduced from the ground air quality index (AQI) reports in major Chinese cities (State Environmental Protection Administration, available at http://www.zhb. gov.cn/index4.htm). On the basis of the technological rules related with to the Ambient Air Quality Daily Report by the China Environmental Protection Monitoring Center, the following formula was used to derive the PM-10 data from API of PM10.
where C is the concentration of PM-10. The I low and I high represent API grading limited value lower and larger than I (API index), respectively; C high and C low denote the PM-10 concentrations corresponding to I high and I low , respectively. Although the equivalent PM-10 concentrations (EPMs) are contributed from all particulate sources, this EPM is a good 
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Elemental Composition and Mass Balance of Observed Aerosol Particles
[11] Observed concentrations of TSP, 20 elements, estimated loading and percentages of eight major dust elements, Al, Ca, Fe, K, Mg, Mn, Si, and Ti are presented in Table 2 for three desert sites (Aksu, Dunhuang, and ZBT; Figure 1 ) and one loess site (Changwu; Figure 1 ) for spring 2001. In general, the higher elemental concentrations were always found for the eight typical dust elements ( Table 2 ). The elemental proportions of eight elements closely resemble those of material from the Earth's upper continental crust [Taylor and McLennan, 1995] . This is demonstrated by the calculation of enrichment factors relative to crustal rock using Al as a reference element (EF crust = (element/Al) air / (element/Al) crust ). The EF crust values, all close to unity with maximum values less than 5, indicate that the eight elements in our samples were dominated by mineral dust (Table 2) . High correlations (r ranged from 0.91 to 0.99 in Figure 2 ) between all the dust elements with Al verify the crustal origin of these eight dust elements.
[12] Compared with the dust-derived elements, the EF crust values for As, Cu, Ni, P, Pb, and Se are much larger than 5, suggesting the influence of noncrustal sources. EF crust values for Cr, V, and Zn are also smaller than 5, except for Zn at Changwu. This reflects the lesser significance of these typical anthropogenic elements in China [Zhang et al., 1993 [Zhang et al., , 1998 ] and the relatively clean air in desert and loess regions.
[13] Not surprisingly, the higher concentrations were always associated with all the eight dust-derived elements, in which Si, Ca, Al, Fe, K, and Mg have higher loads (Table 2 ). The loadings of Ca, Fe, K, Mg, and Si were similar at DH, ZBT, and CW but were remarkably different at Aksu. For instance, the Ca concentrations were 16, 11, and 12 mg m À3 at DH, ZBT, and CW, respectively, and 49 mg m À3 at Aksu. This suggests that the elemental signature of dust particles derived from western desert sources of Asian dust is different from other sources [Zhang et al., 1997 [Zhang et al., , 1996 . Similarities in elemental composition of dust aerosol from ZBT and CW (Table 2) suggest that dust transport was more northerly during relatively mild climate conditions such as interglacials or the present day [Zhang et al., 1999] .
[14] The sum of the other elements or trace elements (Tr Ele) in Table 2 does not show high concentrations in the source region (1.3 -2.4 mg m
À3
). The Pb burden at the four sites (64 -159 ng m À3 (Table 2) ) is at least tenfold less than at Chinese urban sites during springtime [Zhang et al., 2002] , again indicative of the clean air conditions in Asian dust source regions.
[15] Normally there are five categories of suspended particulates contributing to TSP over continental sites: (1) geological materials, mainly Asian dust (AD) [Zhang et al., 2002] , and associated species (consisting of oxides of Al, Si, K, Ca, Ti, and Fe, and trace elements), (2) particulate sulphates, (3) aerosol nitrates, (4) ammonium products, and (5) carbonaceous material [Solomon et al., 1989] . Elemental analyses are particularly valuable for assessing the contributions from the geological material, most of which here are assumed to be Asian dust aerosol . As no data on sulphate, nitrate, ammonium and carbonaceous aerosols were available at this moment, the mass balances of the aerosol particles at these four sites were based solely on the analysis of the TSP mass concentrations and the burden of dust elements and various trace elements. Therefore, in order to estimate the Asian dust aerosol, the sum of the aluminum, silicon, calcium, and iron oxides was calculated using 1.89 Â Al + 2.14 Si + 1.4 Â Ca + 1.43 Â Fe [Solomon et al., 1989] . The estimated seasonally averaged loading of Asian dust aerosol and its percentage of the TSP, sum of the trace elements are also presented in Table 2 . As the composition of the Asian mineral dust is reasonably well known [Geological Soil Standard, 1984; Zhang et al., 1993 Zhang et al., , 1997 Zhang et al., , 1998 ], titanium, magnesium, manganese, and potassium oxides were added to estimate the amount of geological Asian dust particles.
[16] Asian dust aerosols constitute about 45, 67, 82, and 69% of the average TSP at Aksu, DH, ZBT, and CW, respectively (Table 2) , suggesting $10 -50% of aerosol fractions cannot be attributable to soil dust particles, even in the source regions of Asian dust. At urban XiAn this dust percentage normally ranges from 37 to 45% throughout all seasons, with 45% in springtime. The nondust fractions were mainly attributable to sulphate, nitrate, elemental, organic carbon aerosol particles and ammonium products from coal combustion, motor vehicle, biomass burning, and agriculture activities [Zhang et al., 2002] . At Dunhuang the contributions of Asian dust to the total aerosol mass were estimated to be $80% and 62% during dust and nondust conditions, respectively; these percentage were $87% and 74% at Zhenbeitai, and $75% and 64% at Changwu for dust and nondust periods, respectively. A separate paper is being prepared with an annual data set from these stations to investigate the seasonal variations of the dust contributions from dust and nondust periods.
[17] Northerly wind samples collected at ZBT may explain the relatively high fraction of Asian dust at this site. Taking the estimated geological material as representative Asian dust aerosol; Aksu to represent the western desert sources; DH and ZBT to represent sources in the northern desert [Zhang et al., 1997 [Zhang et al., , 1996 ; and CW to represent the depositional loess region, the aluminum fraction can then calculated. Values among regions are remarkably similar, with 5.9, 6.9, 7.4, and 6.6% for Aksu, DH, ZBT, and CW, respectively, with mean value $7% of the total dust mass (Table 2) . Mn and Ti also show similar percentages among regions with means of $0.1 and 0.5, respectively. Percentage mass of Ca, Fe, K, Mg, and Si are 12, 6, 3, 3, and 24%, respectively, for western desert sources represented by Aksu data and 7, 4, 2, 2, and 30%, respectively, for northern desert sources represented by DH and ZBT data (Table 3) . Clearly, western desert sources are characterized by high Ca while northern sources are high in Si. This suggests that major source regions of Asian dust have different source profiles and signatures. In comparison, the mean percentages with standard deviations for the depositional loess area are 7, 8, 4, 3, 1, 0.1, 29, and 0.5% for Al, Ca, Fe, K, Mg, Mn, Si, and Ti, respectively (Table 3) .
Dust Storm Events Observed in China During Spring of 2001
[18] Four major and two minor DS events were observed during spring 2001. Another two DS events observed at Aksu and DH were confined to the source areas (termed as source DS (SDS)). These events were apparent in time series of total suspended particle (TSP) loading, elemental composition, PM-10 from the State Environmental Protection Administration (SEPA) of China. For example, the time series of TSP at CW (Figure 3f ), a depositional area on the Loess Plateau (Figure 1 ), exhibited three high aerosol episodes between 13 and 27 March (DS2); 5 and 20 April (DS3); and 29 April 29 and 5 May (DS4). During these periods, TSP values were continually higher than the observed spring daily average (210 mg m À3 , Figure 3f ). Higher concentrations exceeding the average were also found for the eight typical dust elements (Al, Ca, Fe, K, Mg, Mn, Si, and Ti). For instance, the Si loading continually exceeded the average level (44 mg m
À3
) during the same high aerosol episodes (Figure 3f) , confirming that the episodes were indeed associated with increased Asian dust particle loading. The other typical dust elements (Al, Ca, Fe, K, Mn, Mg, and Ti), due to the high correlations with each other (Figure 2 ), also show similar temporal variations to Si (Figure 3 ). On 23 May 2001, both the TSP and Si burdens exceeded mean levels, suggesting a high dust day occurred (DS6 in Figure 3) . Because of the southerly paths of the surface air mass observed (by air mass back-trajectory analyses described in the next section) on some days (e.g., 19 March, 1, 2, 3, 4, 17, and 29 April, and 6 and 23 May), the higher TSP and elemental loading was not attributable to the DS contributions.
[19] The first DS event (DS1 in Figure 3 ) of spring 2001 occurred from 1 to 6 March. TSP and Si loading was higher than the average observed under northerly wind flows at ZBT, Yulin, a desert source site (Figure 1) . Loading of PM-10 at Yinchuan, TSP at Shapuotou (SPT) (Figure 3d ), both TSP and PM-10 at Lanzhou (Figure 3e) , and PM-10 at XiAn (Figure 3g ) and Beijing (Figure 3h ) also exceeded the average. This indicates that DS1 was a relatively intense and extensive DS event that had an impact over large areas of China.
[20] DS2 from 13 to 27 March was another group of dust storm events observed at almost all the network sites (Figures 3c -3h ). At ZBT, unlike other sites, high TSP and Si concentrations were only observed from 22 to 26 March (Figure 3c ). This is probably because only northerly wind samples were collected; some dust samples, originated from major sources, but reaching ZBT from the south in their final phase of transport, were not collected by the sampler. Lower concentrations were only observed on one day at Lanzhou (Figure 3e ) and on two days at XiAn (Figure 3g ) during the DS2 period. There was one dusty day, 12 March, occurring in advance of DS2 at Beijing. This Figure 3a ; Dunhuang, Figure 3b ; ZBT, Figure 3c ; SPT and Yinchuan, Figure 3d ), urban city near the desert source and at the northwest margin of the Loess Plateau (Lanzhou, Figure 3e ), the loess site (Changwu, Figure 3f) , urban city at southern margin of the Loess Plateau (XiAn, Figure 3g ), and urban city in historical northeastern area (Beijing, Figure 3h Figures 3b and 3c denote the sum of the eight size-segregated Si loadings. event was probably due to the transport of dust particles on that day via Mongolia and across the northern slopes of Yin Mountain, directly to Beijing (Figure 5d) .
[21] The most intense and persistent DS event (DS3) occurred from 5 to 20 April and was observed at all sites (Figures 3c -3h) . Again due to northerly wind samples collected at ZBT, there were 6 days with low dust loads during the episode. At most sites the episode was $16 days in duration. Because trajectories were from the south, the elevated loads of EPM-10, TSP, and dust elements (not marked with shading in Figure 3) at XiAn, Beijing, CW, Lanzhou, and Yinchuan before DS3 and on subsequent days during the spring are not considered to be attributable to contributions from DS events.
[22] DS4 occurred between 29 April and 5 May. Both at DH and ZBT, higher TSP and Si loadings were observed on 29 April (Figures 3b and 3c) . On the same day, higher loadings of aerosols and dust aerosols were observed at Yinchuan and Lanzhou; one day later the same peak was observed at Changwu, XiAn, and Beijing (Figures 3d-3h ). During DS4, there were fewer dust days found at source or near source sites such as DH, ZBT, Yinchuan, and Lanzhou. However, at CW, XiAn, and Beijing, the three typical depositional areas, the high aerosol loads lasted through the entire DS4 event. At Beijing one more dust day was observed than CW and XiAn during DS4. The air mass moved eastward on 5 May (Figure 5d ) to Beijing and did not reach CW and XiAn.
[23] In addition to the DS1 to DS4 events, there was another relatively short DS episode in China, DS5, lasting two to three days, from 11 to 14 May. This event was observed at Aksu, DH, ZBT, Yinchuan, and Lanzhou (Figures 3a -3e ). This DS event was confined mostly to source areas with the source strength at DH and ZBT compatible to DS4, but the spatial extent and duration of the event were less than observed for DS4. At Beijing, the dust days occurred from 15 to 17 May. Back-trajectory analysis indicates that the contributions to these three dust days were associated with an air mass reaching Beijing via the Yin Mountain northern slope from the Mongolian Desert (Figure 5d ).
[24] On 19 May, another small DS event (DS6) occurred at DH and subsided the next day (Figure 3b ). It developed again at Aksu, DH, Yulin, on 21 May (Figures 3a -3c ) and lasted until 23 May at Aksu. Relatively high aerosol concentrations were then observed at Lanzhou and CW on 22 May and lasted to 23 May (Figures 3f and 3e) . At Beijing, the dust episode lasted from 19 to 21 May ( Figure  3h ). At the end of May, one high aerosol day that exceeded mean levels of both TSP and Si, was identified at Aksu only on 26 May (source DS1, i.e., SDS1 in Figure 3a) . Another SDS (SDS2) was also observed at both Aksu and DH on 30 May.
[25] Beijing experienced relatively higher average PM-10 levels than XiAn, Yinchuan, and CW during the entire spring of 2001. There were at least 43 dust-event days in Beijing compared with 32 in XiAn. Before the extensive DS2, DS3, and DS4 episodes, at least one DS event and one dusty day occurred at Beijing, which was not found at other cities in the depositional regions. During DS5 and DS6, the high dust days were also observed at Beijing (Figure 3h) . One of the possible reasons for the higher intensity and more frequent dust events at Beijing was that more transport paths were available for dust to reach Beijing. This is further discussed in section 3.3.
[26] During nondust storm (N-DS) days with calm or weak wind conditions, the monthly mean background aerosol concentrations were from 130 to 150 mg m À3 in March and April, respectively, and 80 mg m À3 in May, at CW. Thereafter, background TSP loading were about 60, 40, and 50 mg m À3 during June, July, and August of 2001, respectively.
[27] At one desert source site (ZBT), TSP loadings under northerly wind flows showed at least 29 dust days with Si levels higher than the springtime average 260 mg TSP m À3 , and 58 mg Si m À3 (Figure 3c ). As at CW, high loads were also observed for the other seven dust elements. In comparison with DS, nondust days with calm or weak northwesterly or northeasterly winds had background aerosol loadings of 93 mg m À3 in March, 150 mg m À3 in April, and 91 mg m À3 in May.
[28] At DH, the 1-month data set exhibited 12 dust days with TSP and Si loads both exceeding the mean value of 317 mg TSP m À3 , and 65 mg Si m À3 in May. These TSP and Si levels are much lower than that at Aksu with loads of 926 mg m À3 and 96 mg m À3 for TSP and Si, respectively.
[29] The mass ratio of Si to Al is an indictor of the origin of an air mass arriving at a monitoring station. Although the Si:Al ratio has an averaged value of around 4.0 (Table 2) for all stations during the entire spring of 2001, the ratio changes substantially depending on the trajectories of each mass. Figure 4 shows that time series of the Si:Al during spring 2001 for four stations. The high Si:Al is usually associated with an air mass originated from northern deserts, while the low rations with an air mass originated from the western desert source regions. More discussion about the air mass trajectory is given in the next section.
Transport Pathways of Dust Storms in China
[30] Air mass back-trajectories, generated with the Environment Canada's global trajectory model (GTM), have shown that low-level northerly winds at 850, 950, and 1000 hPa levels (we present only the 850 hPa data in Figures 5a -5d ) frequently passed across the Northern High Dust Desert (a major source of Asian dust with Badan Juran Desert as its center). The second major dust source, the Western High Dust Desert with Takelimakan Desert as its center, experienced fewer trajectories passing across it (Figures 5a -5d) .
[31] Five general pathways of surface trajectories that passed over Beijing during spring 2001 (denoted by colors in Figure 5d ) may be identified. The first pathway, labeled ''Northeast Sand Land Path'' (black line at right of Figure  5d ), accounted for $22% of the total 43 transport paths. Soil dust aerosol was uplifted from the source regions over the sand land in northeastern China, especially through Onqin Daga sand land, and surface northeasterly winds carried them to Beijing. Pathway 2 (''Northerly Mongolia Path'') was mainly associated with air passing through and over Mongolia and the north slopes of Ying Mountain and then to Beijing (blue line in Figure 5d , accounting for $40% of the total paths). The third type of air trajectory was mainly from the Ala Mountain Pass and its surrounding areas, and through the Northern High Dust Desert, along the south slope of Yin Mountain, passing the areas between Helan Mountain And Yin Mountain and reaching Beijing. This group of air trajectories is called the ''Northern Desert Path'' (mauve line in Figure 5d ) and accounts for $25% of the total paths. A fourth trajectory occurred only one time in 2001 for dust to Beijing, and originated from the Western High Dust Desert and moved easterly to Beijing (Western Desert Path, the green line in Figure 5d ). The final pathway (bold red line in Figure 5d ) occurred five times in 2001 and reached Beijing from the south, and then turning directions, often passing through the southern and northern mountain passes of Taihang Mountain and then moving north to Beijing (called ''turning path'') accounting for $11% of the total paths.
[32] The transport pathways of soil dust to Changwu (Figure 5a ) and XiAn (Figure 5b ) are similar to those for Beijing with the same two major pathways: Northern Chinese Desert Path and Western Chinese Desert Path, respectively. However, when these two air masses move out of the mountain passes between Yin Mountain and Helan Mountain, Helan Mountain and Liupan Mountain, and Liuliang Mountain, and move over the Helan Mountain, they branch southward to Changwu and XiAn instead of to Beijing. There also exists another interesting path to XiAn and Changwu (shown with bold red line in Figures 5a and  5b) . This passes over the sand land of northeastern China, moves southward along the western part of Taihang Mountain, travels through the mountain pass between Taihang Mountain and Qingling Mountain, and then moves northwestward to XiAn and Changwu.
[33] At ZBT, Yulin (Figure 5c ), the Northeast Sand Land Path (back line), Northern Desert Path (mauve line), and Western Desert Path (green line) dominated during spring of 2001.
Size Distribution of Vertical Dust Flux
[34] In addition to the bulk TSP samples, six and eight size-segregated samples were also collected under DS events at DH and ZBT, respectively, using a Battle type cascade impactor (PIXE International Corporation, Talla- hassee, Florida). Eight size bins from <0. 25, 0.25 -0.5, 0.5-1, 1-2, 2-4, 4-8, 8-16 , and >16 mm in aerodynamic equivalent diameters (AED) were used to measure the dust particle size distributions. Subsequent chemical analysis yielded the elemental composition for each size range. The sums of the eight size-segregated elemental data, Si, for instance, shown by open triangles in Figures 3b and 3c , are generally consistent with bulk data, demonstrating the internal consistency of the measurements. Mass-size distributions (MSDs) of Si and Al are shown in Figure 6 for the 20 DS samples from the source regions, together with the previous data for six DS samples collected at Aksu, Qira (at the southern margin of Takliamakan Desert, 37°6 0 N, 82°34 0 E) and Jartai (a desert site at Ulan Buh Desert, 40°34 0 N, 106°34 0 E) in 1994 [Zhang et al., 1997] . This allows the derivation of the size distribution of vertical dust flux. In general, the two typical dust-derived elements (Al and Si) exhibit comparable MSDs, and were comparable among all samples ( Figure 6 ). This suggests similarities in Asian dust particles ejected from source regions.
[35] The MSDs of the two dust elements (Al and Si) from our observations were found to be approximately lognormal in the range 0.25 -16 mm over the source regions. A fitting of MSDs for the Si and Al was performed using a least squares linear regression between standard normal deviate (SND) and the natural logarithm of the particle diameter (lnD) previously described by Dulac et al. [1989] . According to Patterson and Gillette [1977] , the particle-size distributions of mineral dust are usually considered to consist of three modes: background, normal, and coarse mode, each characterized by a lognormal size distribution, with size ranges of about 20-200, 2 -20, and 0.04-1 mm in diameters. As our impactor has a cutoff size of <0.25 mm in stage 1 for the background mode (<1 mm) and of >16 mm in stage 7 for the coarse mode (>20 mm) , our desert-sample MSD data ( Figure 6 ) provides a way to assess the relative importance of giant and submicrometer dust particles in terms of dust loads.
[36] On the basis of correlation coefficients of the least squares linear regressions, the lognormal fitting of the two elemental MSDs between 0.25 and16 mm to our desertsample data was satisfactory at the <5% probability level for 40 of 40 element/particle-size distributions. The s g of the curves was less than 2 (100% each for Si and Al). These results indicate that there were generally minor impacts of the background mode particles [Arimoto et al., 1985; Dulac et al., 1989; Zhang et al., 1993] on the MSDs for each of these elements observed at the source regions of Asian dust.
[37] The average weight percent for the two elements in each of the three particle-size fractions was observed and calculated from the fitted MSD curves (Table 4) . The reconstructed size spectra show that the dominant mass of the soil dust aerosols in these locally occurring DS events was for particles with diameters from 0.25 to 16 mm, which accounted for about 69% of the total mineral aerosol mass (Table 4 ). The fine and coarse dust modes contribute about 1.7 and 30%, respectively (Table 4) . These indicate that a coarse particle fraction exists in the near-surface atmosphere in the DS dust at source regions. This could be important for simulation of dust particle transport especially in the nearsource areas.
Conclusions
[38] Observations of aerosol chemical and physical properties made at the China Dust Storm Research network of ground stations provide a 3-month data set of Asian dust during the intensive observation period of ACE-Asia. This is the first time that such a comprehensive data set, including aerosol and Asian dust mass, dust and nondust elemen- tal concentrations, proportion of all dust elements, transport paths and surface PDSs during DS events, has been reported for hyperarid, semiarid, urban, and rural areas of China. Five major transport pathways of Asian dust storm were identified during this period of time through a back-trajectory analysis.
[39] In general, spring aerosol particles over northern China were composed mainly of Asian dust with a percentage contribution of 45% at Aksu, 67% at DH, 69% at CW, and 82% at ZBT (where only northerly winds were sampled) to the total aerosol mass during DS and N-DS conditions, respectively. The elemental composition (Al, Ca, Cr, Fe, K, Mn, Mg, Si, Ti, V, and Zn) of aerosol particles was dominated by dust particles, even though some elements are typically anthropogenically derived in mainland China. Under both DS and N-DS conditions, the weight percentages of typical dust elements, Al, Ca, Fe, Mg, Mn, K, Si, and Ti, were obtained for the Western High Dust Desert, Northern High Dust Deserts and the Loess Plateau. The percentages of Ca, Fe, and Mg were 12, 6, and 3%, respectively, for Asian dust particles from the Western High Dust Desert. The weight percent of Si for dust aerosol from Northern High Dust Desert is relatively higher than from the Western desert. This indicates that the inhomogeneity of sources for Asian dust had more influence on Ca, Si, Fe, and Mg than on Al, K, Mn, and Ti.
[40] On the basis of the durations for which both TSP and dust elemental loads exceeded spring daily average levels, four major DS episodes were identified. Beijing had relatively higher average PM-10 levels than XiAn, Yinchuan and CW TSP and 43 dust days compared with 32 days in XiAn in spring 2001. [41] During the nondust storm (N-DS) days, when calm or weak wind conditions prevailed, the monthly mean background aerosol concentrations were from 130 to 150 mg m À3 in March and April, respectively, and 80 mg m À3 in May, at CW. Thereafter, these background TSP loadings were about 60, 40, and 50 mg m À3 during June, July, and August of 2001. At the desert source site (ZBT), in comparison with the DS data, nondusty days with calm or weak northwesterly or northeasterly winds had background aerosol loadings of 93 mg m À3 in March, 150 mg m À3 in April, and 91 mg m À3 in May.
[42] Aluminium and silicon concentration data from cascade impactor samples at five desert sites in China have been used to derive the mass-particle size distributions. These are probably the best available data for aerosol size distributions close to the dust source regions. These results show evidence for two modes in the dust particle size distribution, with one maximum occurring in stages 3 -5 (1 -8 mm AED) and a second maximum in stage 7 (>16 mm AED). These data suggest that the dust sampled at each of these sites is a combination of dust transported from long distances, which is concentrated in the smaller peak, and locally generated material, which forms the larger peak.
[43] The complete time series of TSP in spring 2001 and physical/chemical properties of soil dust in source regions provide a valuable data set to be used for soil dust model inputs and validations. Application of this data set is presented in our companion simulation paper [Gong et al., 2003] .
